Abstract-A NASA-Lewis Research Center program for life testing commercial, high-current-density thermionic cathodes has been in prog ress since 1971. The purpose of the program is to develop long-life power microwave tubes for space communications. Four commercialtype cathodes are being evaluated in this investigation. They are the "Tungstate," "S" type, "B" type, and "M" type cathodes, all of which are capable of delivering 1 A/cm or more of emission current at an operating temperature in the range of 1000-1 100°C. The life test vehicles used in these studies are similar in construction to that of a high-power microwave tube and employ a high-convergence electrongun structure; in contrast to earlier studies that used close-space diodes. These guns were designed for operation at 2 A/cm2 of cathode loading. Life tests of two of the cathode types, "Tungstate" and "S," have been completed, but the other two cathodes are still being studied. The "Tung state" cathodes failed a t 7000 h or less and the "S" cathode exhibited a lifetime of about 20 000 h. One "B" cathode has failed after 27 000 h, the remaining units continuing to operate after up to 30 000 h. Only limited data are now available for the "M" cathode, because only one has been operated for as long as 19 000 h. However, the preliminary results indicate the emission current from the "M" cathode is more stable than the "B" cathode and that it can be operated at a true temperature approximately 100°C lower than for the "B" cathode.
INTRODUCTION HE NASA-LEWIS RESEARCH CENTER has been conducting a number of studies leading toward development of reliable long-life high-power microwave transmitters for broadcasting from space. The life and reliability of the electronbeam device is largely determined by the lifetime of the cathode thermionic emitter and the cathode-heater electron-gun assembly. Improvement in performance, and verification of life endurance tests performed on several cathode types is, therefore, of vital importance to long-life transmitter operation in space. To accomplish this goal, a life test program for commercial-type high-current density cathodes was initiated in 1971. The program was sponsored by Lewis Research Center and contracted to Watkins-Johnson Company of Palo Alto, CA. The objectives of this continuing program are: 1) to demonstrate the ability of specific cathode types to produce current densities of 2 A/cm2 over a minimum design life of 20 000 h of continuous operation without failure and 2) to competitively evaluate the performance of the different cathode types by endurance testing, while operating under identical electrical, geometrical, and vacuum conditions that realistically duplicate the operating conditions present in a transmitter tube.
Although many life tests have been made on high-currentdensity cathodes most of these have been limited to tests with Manuscript received August 25,1978; revised January 3,1979 close-spaced diodes. A diode and high-power microwave tube are quite different, and have different environmental conditions in the cathode region. Therefore, in order to establish life capabilities of commercial cathodes of interest, they should be tested in a vehicle which has an internal environment similar t o that of a high-power microwave tube. This life test program uses a cathode life test vehicle which is essentially the same as a high-power microwave tube. The only difference between the cathode life test unit and a high-power microwave tube is that the former uses a solid metal drift tube in place of the RF interaction circuit employed in the latter. Four different cathode types have been evaluated at present in this program. They are the "B," "S," "Tungstate,"and "M" type cathodes. The "B" type is an impregnated tungsten cathode originally developed by Philip Metalonics [ 11 , [2] . [SI and consists of a mixture of approximately 90-percent tungsten, 9-percent tungstate compound Bas Sr (W06), , and 1 -percent ZrH, , which is pressed and sintered into a matrix at high temperature. The "M" cathode was originally developed by Phillips [ 6 ] , as a standard impregnated "B" type cathode with a sputter deposited coating of osmium and ruthenium. As a result, the work function of the surface is lowered so that operation at lower temperatures is possible.
CATHODE LIFE TEST UNITS AND TEST FACILITY
The life test units were designed to simulate the environment of a 12.2-GHz TWT operating at up to 4-:kW CW. The units are solenoid focused and incorporate an electron-gun drift space and depressed collector, similar to those used in a TWT. Specifications and operating conditions for the units are summarized in Table I . Fig. 1 shows construction details of the life test vehicles. The cathode temperature can be measured pyrometrically by viewing through a sapphire window shown in Fig. 1 . A hinged metal flap protects the inside surface of the view port from deposits when not in use. It can be opened with a magnet. A small "black body" hole, having a diameter of 0.080 cm and being 0.32 cm deep, is drilled into the back of each cathode to allow optical pyrometer measurements of true temperature. The depth to diameter ratio of four is an excellent approximation to black-body conditions [7] . In addition, a W-3-percent Rew-25-percent Re thermocouple was incorporated into the U.S. Government work not protected by U.S. copyright Maximum M a g n e t i c F i e l d C o l l e c t o r -cathode structure to measure cathode temperature. This thermocouple was embedded in a similar hole to that used for black-body measurements in the rear of the cathode. To pre,. vent shorting of the thermocouple, it was insulated Ifrorn the cathode hole structure by aluminum oxide. Fig. 2 shows a. picture of the cathode life test unit installed in a life-test station. Additional details of the design and construction of th 'e l'f 1 e test units as well as the life test facility are obtainable from U.S. Government reports [8] .
CATHODE SELECTION AND TESTING The "B" and "M" type cathodes were purchased fro:m I'hi1ip:j Metalonics, the "S" from Semicon Associates, and the ''Tungstate" from General Electric. Bakeout schedules and. cathode activation schedules were derived in consultation ,with the cathode manufacturers for each of the cathode types. Typical is the schedule for "B" type cathodes which calls for: 1) 500°C bake for 24 h. '2) Activation of the cathode fo-r :IO rnin at 1250°C true' temperaturt: with the tube at room temgerature. During this period culxni. is d-ram from the cathode.
3) Operate for 3 h at 1200°C true. Rlemove from bakeout station.
4) Install in life test bay and operate at full current for 2 to 3 Ih at 1 190°C true. 5 ) Reduce i.emper:ature to 1 100°C true and begin life. ;Since the sealed o.ff tube had an attached 5L vac-ion pump [8] , the pressure at this time was always in the range of lo-' torr or better. Similar activation schedules were used for each of the cathode types. :Details can be found in [8] .
;Six catholde life test units were fabricatedl for each of the "El," "S," ;Ind "Tungstate" type catlhode;~. After processing, the six tubes of a particular type were installed in the life test bay for an initial 200-h1 burnin. After this time, the "best" four tubes were chosen for continued life test. Twelve bays were available for test ,and the initial life test, th.erefore, required four tubes each for the "B," "S," a.nd "Tungstate" cathode tubes. ThLe crit.eria used to choose which units would be tested varied in these: tests. In most cases, selecti'on was based on measurements lof cathode emission as a function of temperature. In one ins,ta.nce!, the cathode would not activate and in another, high body interception for a p,articular device was encountered.
The "M" cathode testing program was initiated after failure occured in some of the original tests. "M" cathode tubes then replaced other cathode types which failed. Therefore, the four-out-of-six procedure wau not used in sdecting the "M" cathode tubes. In the "M" cathode case, tubes were fabricated as needed ;and inserted into an appropriate installation when the cathode! type previously being tested there failed.
At the start of life ,testing, the cathode vendors were asked to recommend catho'de temperatures for their devices that would likely lead to 'long life at 2 A/cm2. Philips proposed llOO°C for the "B," Semicon 1050°C for the "S," and General Electric 925OC for the "Tungstate" cathode.2
Initial tests on the "Tungstate" cathode tubes showed that 925OC was too low a temperature to supply 2 A/cm2. An operating temperature of approximately 1000°C was found to be more appropriate. Philips Metalomics, thie "M" cathode supplier, originally suggested 1050°C, for the cathode operation to deliver 2 A/cm2. However, it was .Found, early in life, that the "M" cathode could deliver this current density at a much lower temperature. As a result, the: "M" cathodes are being life tested at approximately ~o o o~C .
CATHODE EVALUATION CRITERIA
The purpose of the cathode evaluation method is to appraise the cathodes prior to the end of life. Based on reported life tests with close-spaced diodes [ 9 ] , we expected, at a fixed anode voltage and cathode temperature, that the cathode current would remain constant at its original spacecharge value FORMAN AND SMITH: THERMIONIC CATHODE LIFE- TEST STUDIES 1569 and then drop precipitously at the end of life. During life, cathode evaluation scheme initially chosen was the dip test, a method developed by Maurer [ 101 . The dip test is performed by measuring the cathode current and temperature as the heater power is first lowered then raised to its initial temperature. The resulting curve of cathode current versus thermocouple voltage (cathode temperature) has a knee which occurs at a temperature when there is a transition from space-chargelimited emission to temperature-limited emission. However, early in the program, the above mode of operation led to difficulties. First, the use of the dip test as an indicator of cathode activity was found to be impractical, and secondly, the cathode current was found not to be constant with time. Both these problems and their pragmatic solutions are discussed below.
The dip test method was to be accomplished on each unit and, during the initial burnin period of 200 h , was to be made on a daily basis. During burnin, however, it became apparent that thermocouple readings were not useful indicators of cathode temperature. The problem was that many of the thermocouples, which were potted into the back of the heater block, were not in good thermal contact with the cathodes. This resulted in inaccurate thermocouple readings and perhaps more important, in a severe thermal lag when the cathode temperature changed rapidly as during dip tests. The problem seemed to be more pronounced on some tubes than on others and became more serious with time. For this reason, the dip test procedure was abandoned as a criterion for cathode selection. In its place, a much simpler method was used to determine cathode activity. This technique is called a Tso measurement and is defined as the cathode temperature at which the emission falls to 80 percent of the nominal value. For a cathode current density loading of 2 A/cmZ, 80-percent emission corresponds to a beam current of about 500 mA. Therefore, in the Tso determination, heater power was reduced until the cathode current stabilized at 500 mA. The true cathode temperature was then determined optically and this was defined as the Tso temperature. This parameter replaced the dip test as the criterion for cathode evaluation during life.
Early in life it was found that the cathode current did not remain constant at a fixed anode voltage and cathode temperature. In fact, the emission current slowly decreased with time under these conditions. The initial 2-A/cm2 current value could, however, be obtained by slightly increasing the anode voltage. When this first occured, a decision had to be made as to whether the life test should be operated with the cathode delivering a constant emission current (corresponding to 2 A/cmz) or run at a constant voltage (using the initial voltage at start of life). The decision was made to run the tubes at a constant current which corresponds to 2 Ajcm'. The anode voltage was continuously adjusted during life to attain this current value with an upper voltage limit of l l kV, which corresponds to about a 10-percent increase in anode voltage from the initial value. However, in addition, ,,other measurements were periodically made which determined the drop in cathode current with life at a fmed anode voltage. This was done by periodically measuring the cathode current at a fixed reference anode voltage, corresponding to the initial anode voltage necessary t o deliver 616 mA (2 A/cmz).
Because the tube parameters changed with time, it was necessary to establish some arbitrary pragmatic criteria for determining life. In the case of the "B" and "S" cathodes, they were the following: a cathode, which was not capable of delivering 2 A/cm2 at an anode voltage equal to or less than 11 kV and a cathode temperature above 1 100°C, was removed from the life-test program. The "M" cathodes have not shown any degradation as yet so no criterion for failure has been established for them. However, there was a different failure mode established for the "Tungstate" cathode, and this will be discussed later.
LIFE TEST RESULTS
Before each individual type cathode result is described in detail, some general introductory comments are necessary. Using the criteria established in the previous section, the results are summarized below. a) All four "Tungstate" cathodes showed severely degraded emission characteristics after less than 7000 h of life test and were removed from test. b) Emission capability for the "S" type cathodes slowly decreased with time until end of life occured at approximately 20 000 h. c) One "B" type cathode failed after 27 000 h and the other three are still operating in the range of 30 000 h. During the entire period, cathode activity has slowly declined.
d) Of the total of four "M" cathodes only one "M" cathode has been run long enough to have meaningful life test data for more than 15 000 h. This cathode has run for more than 24 000 h, with no sign of current degradation at constant anode voltage.
These results are very satisfying because of their consistent behavior. All of the samples of a given type exhibited similar characteristics with life, though different than those for the other types.
Before the life test characteristics of individual cathode types are evaluated, it would be worthwhile to discuss the technique for making the measurements and some common problems that arose in interpreting the data. Periodically during the life test, four parameters of interest on each tube were determined. First, the operating cathode temperature was adjusted and pyrometrically measured. Second, the anode voltage was regulated to its reference value, established early in life, and the cathode current at reference voltage was measured. The third procedure was to adjust and record the anode voltage needed to deliver 616 mA ( 2 A/cm2). The last operation was the Tso measurement made at the increased anode voltage. Three of these parameters are used in this paper to evaluate cathode performance. They are operating cathode temperature, Ts0 temperature, and cathode current at the reference anode voltage. Early in the life test program, when appreciable current changes were not expected, the anode voltage was read by the panel meter on the power supply, which, at best, had an accuracy of 1 percent. After approximately 5000 h of operation, it was found, as discussed earlier, that the current changes at constant anode voltage, were appreciable. Under these circumstances, it was realized that this current would be an important parameter in interpreting the life test results and more accurate monitoring of the anode voltage was initiated. As a result, the data presented for the "B" and "S" cathodes, are more accurate for pointsabove 5000 h. Since the "Tungstate" cathotles all failed in about 5000 h , the data for these were all deri;\ed from the less reliable perveance data. There was considerable scatter in the data. In some cajes this occurred after a tube was removed for repair work 0 1 1 a life test station. Its subsequent replacement on station did rlot ensure an exact replication of the previous parameter values. Reproducability under these circumstances was in the range of 1 percent. Operator errors were also a contributing factolr to scatter.
DISCUSSION OF DATA ON INDIVIDUAL CATHODE TYPES "Tungstate" Cathode
The data for cathode T-1 are illustrated in Fig. 3 . These dz ta are representative for the performance displayed by the otker three "Tungstate" cathodes tested.
Early in the program the "Tungstate" cathodes looked like ideal cathodes. They had 110 difficulty delivering 2 A/cm2 of cathode current at a mu:h lower operating temperature than either the "B" or "S" calhodes. However as the data of Fig. 3 illustrate, the "Tungstatl:" cathodes had the shortest life of all the cathode types tested. A meaningful lesson in cathode evaluation can be acquired from these data; excellent initial operation does not foretell superix long-life performance.
To illustrate the point, the data from a typical ''Tungstate" cathode 2'-1 will be analyzed. Initially the Tso was quite I o~v , about 925°C. Since it was so low, we decided to drop the o perating temperature from 1010°C to 990°C. The data show that the cathode current remained relatively stable for abo.lt 3000-4000 h. After that, they abruptly worsened and went ' early failure. Note that the T,, approached the operating temperature at the same time as the electron emission abrupt y dropped. On this tube no attempt was made to increase 1.11e operating temperature to restore electron emission, because c n an earlier "Tungstate" failure this procedure just accelerated cathode degradation. For this tube, failure arrived at the pojiIIt where the Tso temperature matched the operating temperatule and the voltage necessary to maintain 2 A/cm2 was greater than 11 000 V. Although all the "Tungstate" cathodes initially delivered high electron emission at relatively low temperatures, they all finally failed the life test criteria in 7000 h or less. We concluded that these cathodes are not suitable for long-life operation at 2 A/cm2.
'3" Type Cathode
The cathode temperature for all these cathode life test units was initially set at 1050°C, as recommended by the supplier. However, during early testing it was determined that a temperature of at least 1060°C was required to ensure space-chargelimited operation and this temperature was selected for life tests.
All the four units exhibited a gradual decrease in cathode activity with life indicated by an increase in T80 and a drop in current at constant anode voltage. One unit had to be removed because of degraded emission after 7000 h. Similar degradation occurred for the three others. For these units the life was extended to about 20 000 h by gradually increasing the operating temperature t o 1100°C. Typical data for the "S" cathodes that survived for 20 000 h or more are illustrated in Fig. 4 . This cathode was labeled S-6 and was taken off test after 20 098 h when it was found necessary to increase the anode voltage above 11 kV to attain 2 A/cm2 of emission current. The cathode was run at 1060°C for 14 000 h during which time the Tso temperature increased and the current at constant voltage continually decreased. The aberrated data obtained at about 12 000 h are a result of operator errors. At about 14 000 h, the cathode operating temperature was raised because the TsO temperature was approaching operating temperature. After another 1500 h, the continued drop in current at constant voltage required an increase in operating temperature. Eventually, at about 18 500 h, the operating temperature was raised to 1100°C with failure occuring after 20 000 h. Fig. 4 shows that during this operation the Tso gradually increased, and the emission at constant temperature and anode voltage gradually declined. At end of life, the current had dropped about 10 percent. Similar results with slight variations were found for the other "S" cathodes. Results for this cath- ode type show that this cathode type is only marginally suitable for reliable operation at 2 A/cmZ for up to 20 000 h. However, the gradual degradation of emission over this period would probably make it unsuitable for many microwave tube applications.
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"B " Type Cathode
The cathode temperature of all the life test units was 1100°C. Like the "S" type cathodes, all the "B" type exhibited a decrease in cathode activity with life as demonstrated by an increase in Tso and a drop in emission current at constant anode voltage. However, the effect was considerably reduced in the "B" type and all of them had a lifetime of three years or more. 12 000-15 000 h were evidently caused by operator errors. The Tso data slowly rose over the period of 27 000 h and the current, at constant voltage, slowly decreased. At the end of this period the current had decreased by 5.8 percent, but the cathode was still operating well within the limits of performance. Results indicate that this cathode type is suitable for operation to three years at a current density of 2 A/cmZ of cathode current if a gradual decline in emission, less than 8 percent, is permissible. The decline can be translated into a decrease in perveance of the electron gun. In a typical microwave tube this would cause some defocusing and performance degradation with life, the seventy depending on the operating conditions of the particular device. adequate for stable operation. Subsequently, this unit has been operating at that temperature. Of particular note are the trends shown by the Tso temperature and the cathode emission capability. The Tso temperature has actually decreased slightly and the cathode current at fixed anode voltage has increased. This is contrary to the trend shown by the other cathode types, but the data obtained are characteristic of all the other "M" cathodes tested. Three others have been tested in the range of 5000-10 000 h. They all show the trend displayed by M-1 ;an increase in cathode current, at a fixed anode voltage, and a stable TS0, or slight decrease in Tso. On the basis of the limited results (only one cathode has been life tested for more than two years), the "M" cathode looks most promising for long-life operation at 2 A/cm2 because of its stability.
ANALYSIS OF RESULTS The early failure of "Tungstate" type cathodes was unexpected. The relatively low-temperature operation of the device made it look like the most promising candidate for long life in the initial tests. However, failure in the range of 5000-7000 h at an operating temperature of 1000°C is not inconsistent with published data. Bondley [4] stated that at an operating temperature of 1000°C the "Tungstate" cathode would deliver 8 A/cm2 and have a lifetime of about 5000 h but at 900°C it could deliver 2 A/cm2 for about 40 000 h . Results of this program verify the lifetime at 1000°C but were not able to substantiate the predicted emission capabilities. 2-A/cmz emission current was not attainable at 900-925°C from the "Tungstate" cathodes tested, and they had to be operated at about 1000°C. Fig. 7 illustrates the comparative results of life for the "S," "B," and "M" type cathodes based on the cathode current, at fixed anode voltage, versus lifetime data. It is obvious that the "B" cathode outperformed the "S" cathode and the "M" cathode is superior to both. A mechanism which could explain these results was proposed by one of the present authors lowers its work function and operating temperature as compared to the "B" type cathode. Since the barium loss mechanism should be the same for both types of cathodes, the fact that the "M" cathode operates at a temperature 100°C lower than the "B" type, suggests that it would be more stable and have a longer life. In this one "M" cathode example of Fig. 7 this is verified. barium to the surface by migration and the removal of barium by evaporation. The equilibrium established supports on14 a monolayer or less of barium on the surface. As the pores mar the surface are depleted of barium, barium migration decreases with time and the monolayer becomes a partial monolayer. 4t the end of life, when the rate of barium arrival gives a partial monolayer whose work function is too high to sustain the .equired emission, the cathode fails. This model offers a possible explanation for the difference in performance of the "13" and "S" cathode as shown in Fig. 7 . The "S" and "B" cal hodes have two major features which make them dissimilu. The first is that the "S" type cathode impregnant mix is ricf.er in barium. The ratio of BaO :CaO :A12 O3 in the "S" cathlode is 4 : 1 : 1 as compared to 5 : 3 : 2 for the "B" cathode. The SIXond difference between the two is that the procedure used to fabricate the tungsten porous plug of the cathode uses a plastic impregnant for the "S" cathode and copper for the "B." Tn the first case if one assumes that the use of the higher barhIm mix in the "S" type cathode leads to a greater reaction rate 1)etween the mix and the tungsten [SI , [13] , [ 141 in the pores, this could lead to a higher barium production rate and higher barium arrival rate to the surface. If the barium surface arri tal rate is greater than that necessary to maintain a monolayer of barium on the surface, the barium surface evaporation rate will be excessive. As a result, the extra barium in the mix may be rapidly depleted for the "S" cathode leading to early failure. However, this implies that even though the "B" type impr:gnant reaction with tungsten is less than the "S" type, it is still sufficiently high, at 1 100°C, to supply a monolayer, or close to a monolayer, or barium on its surface over a period of 25 000-30 000 h of life. In the second case an alternative :xplanation, based on the differences used by the two vendors in fabricating the porous plug, is also possible. The diffe.rc:nt methods of preparing the tungsten cathode pellet (e.g., use of plastic or copper) may also effect the barium production reaction rate and be responsible for a greater loss of barium from the "S" than the "B" type cathode.
The superior performance of the "M" type cathode was :xpected. It is essentially a "B" type cathode structure wit:n a sputter-deposited coating of osmium and ruthenium wheh CONCLUSIONS The NASA-Lewis Research Center sponsored life test program has competitively evaluated four commercial highcurrent-density thermionic cathodes operated in a geometry closely resembling actual high-power tubes with the following results at the present time. The "Tungstate"cathodes all failed within 7000 h. The "S" type cathodes were all removed from test after about 20 000 h or less, and the "B" type cathodes all have lifetimes in excess of three years with three out of four still in operation. All the above cathodes showed a steady deterioration in performance with life until failure. Although this trend has not been observed in the "M" cathode, the data from it are more limited and only one tube has been tested for as long as 24 000 h. The "M" cathode shows the greatest potential of all the cathodes tested at 2 A/cm2. It operates at a cathode temperature 100°C lower than the "B" type cathode and after 24 000 h of operation at 2 A/cm2 is stable and shows no deterioration in performance.
